Abstract. This study was designed to determine the effect of the treatment schedule on the interaction between docetaxel and irradiation. Human head and neck squamous cell carcinoma (HNSCC) cells with different p53 status, and HSC4 (p53 wild-type) and CAL27 (p53 mutant type) cells were treated with docetaxel and irradiation using three schedules: i) concurrent treatment, ii) docetaxel pretreatment and iii) pre-radiation. Docetaxel and radiation inhibited the proliferation of HSC4 and CAL27 cells in a dose-dependent manner. However, irradiation pretreatment was more effective than the other treatment regimens in all cells. Our data suggest that pre-radiation in HNSCC cells significantly enhances docetaxel cytotoxity by arresting S-phase, and this provides the most effective treatment sequence of docetaxel and radiation combination therapy. Therefore, radiation followed by docetaxel may be the most effective sequence for head and neck cancer therapy.
Introduction
Head and neck squamous cell carcinoma (HNSCC) is a major health problem. Much of the recent progress has been made in locoregionally advanced inoperable disease, mainly in investigating the optimal combination of concurrent chemoradiotherapy and the introduction of new active drugs, such as docetaxel, in the induction phase of treatment. The combination of docetaxel, cisplatin, and 5-fluorouracil (TPF) is now acknowledged as being the gold standard of induction treatment (1) .
Docetaxel is a second-generation taxane, a semisynthetic derivative of paclitaxel originally derived from the yew tree, which inhibits certain tumor types in vivo and in vitro. The chemotherapeutic mechanisms of docetaxel are not yet fully understood, but available data show that this agent appears to promote microtubule bundle production and stabilizes tubulin polymer formation with consequent block of G2/Mphase of the cell cycle, followed by apoptosis of mitotically arrested cells or permanent mitotic block (2) .
Combination therapy of docetaxel and radiation is a common procedure in the treatment of cancer to achieve an additive or synergistic effect and to reduce toxicity to the patient (3) . The promising clinical activity of docetaxel has promoted considerable interest in combined treatment. In the past, studies of the interaction of radiation with docetaxel indicated that increased radiosensitivity occurred at the time of G2/M block. Mitotic arrest and apoptosis have been considered to be the dominant events leading to the radiosensitizing effect of docetaxel (4) . In similar studies it was suggested that a taxane alone produced G2/M arrest and induced more pronounced cell killing (5). However, contradictory data suggest that the presence of G2/M arrest did not appear to be sufficient to enhance radiation sensitivity (6) .
Therefore, the aim of the present study was to determine whether the simultaneous and sequential administration of docetaxel and radiation has synergistic or antagonistic cytotoxic activity in HNSCC cell lines. Fig. 1 . Cells were plated onto 6-cm dishes from 1.0x10 2 to 1.0x10 4 /dish. After 24 h, cells were exposed to docetaxel for 2, 24 or 48 h and concurrent irradiation (schedule A: concurrent treatment) or docetaxel exposure for 2, 24 or 48 h before irradiation (schedule B: docetaxel pretreatment), or irradiation before docetaxel treatment for 2, 24 or 48 h (schedule C: radiation pretreatment).
Materials and methods

Cells
Colony formation assay for docetaxel and radiation sensitivity.
The appropriate number of cells was inoculated into a 6-cm dish, treated with docetaxel for 2, 24 and 48 h and irradiated. The cells were washed twice with PBS and the culture medium was exchanged for fresh medium after exposure to docetaxel. After 14 days, colonies were stained with 0.05% crystal violet. Colonies of 50 cells or more were scored as originating from a single clonogenic cell.
Cell cycle analysis using flow cytometry. Cell cycle distribution of both cell lines after docetaxel treatment or irradiation was determined by flow cytometry using Cycle Test Plus DNA Regent kit (BD Biosciences, CA, USA), following the manufacturer's protocol. Then, cell cycle was analyzed with a FACScan cytometer (BD Biosciences) using CellQuest™ and ModFit™ software.
Western blot analysis.
To observe the expression of cyclin B1, retinoblastoma (Rb) and p53, samples dissolved in sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) buffer without heat treatment were run on 12.5% SDS-PAGE gels and transferred to polyvinylidine difluoride membranes (Bio-Rad, CA, USA). Anti-human cyclin B1 and human actin antibodies were purchased from Santa Cruz (CA, USA). Anti-human p53 antibody was procured from Medical & Biological Laboratories Co., Ltd. (Nagoya, Japan). The primary antibody was used in a 1:200 dilution. The secondary peroxidase-conjugated anti-mouse or anti-goat immunoglobulin G was used in a 1:10,000 dilution. The immunoblots were developed using an ECL system (GE Healthcare UK Ltd., Little Chalfont, UK).
Results
Cytotoxicity of docetaxel or radiation.
The sensitivity of the HSC4 and CAL27 cells to docetaxel or radiation were determined by colony formation assay. CAL27 cells were more sensitive to docetaxel and irradiation than HSC4 cells. After exposure for 48 h, both cell lines showed significantly higher cytotoxicity than in the case of 24 h exposure. In both cell lines, cytotoxicity increased in a time-and dose-dependent manner after treatment with docetaxel alone. The sensitivity to irradiation was dose-dependent in both cell lines ( Fig. 2A-C) .
Cytotoxicity of combination treatment. The three schedules of combination treatment are shown in Fig. 1 . Treatment doses were determined by the sensitivity of both cell types to docetaxel and irradiation. Doses of docetaxel were determined that gave a survival fraction of 0.4-0.6 (10 mg/ ml for 2 h, 0.5 ng/ml for 24 or 48 h). An irradiation dose of 3 Gy gave a survival rate of 0.75 in HSC4 cells and 0.5 in CAL27 cells. Schedule C showed a significantly (P<0.01) higher cell killing rate than schedules A and B (Fig. 3A-F) . after treatment with docetaxel. After irradiation, HSC4 cells showed a slight decrease in G1-phase and an increase in Sphase compared with control. In CAL27 cells, cells in S-phase were increased at 24 h after irradiation, after that G2/M-phase cells were increased at 48 h (Fig. 4, Table I ).
Cell cycle distribution after treatment with docetaxel and irradiation. All cells accumulated in S-
Protein expression after treatment with docetaxel and irradiation.
In order to clarify the mechanism(s) involved in the effects of irradiation and docetaxel on cell cycle distribution, altered protein expression was confirmed using Western blot analysis of Rb, cyclin B1 and p53 after these treatments. A decrease in the level of cyclin B1 was observed at 24 and 48 h after irradiation and docetaxel treatment. Rb protein decreased after irradiation or docetaxel treatment. In addition, dephosphorylation was seen, and the total amount of protein was decreased after irradiation or docetaxel treatment. The expression of p53 in HSC4 cells increased after 24 h, but decreased 48 h after docetaxel exposure (Fig. 5) .
Discussion
The combination of chemotherapy and radiotherapy is used in head and neck cancer treatment, when the chemotherapeutic agent possesses radiosensitizing properties. Such agents reduce the number of clonogenic cells in tumors undergoing radiotherapy by their own cytotoxic action and by rendering tumor cells more susceptible to killing by ionizing radiation (9, 10) .
In this study, we showed that irradiation pretreatment is more effective than the other treatment schedules in both cell types. Taxanes (docetaxel and paclitaxel) have a radiosensitizing effect (11) , but few studies have examined the sequence of taxane and radiation treatment. It has been suggested that taxane treatment leads to the accumulation of cells in G2/Mphase, which is the most radiosensitive phase (12) . Docetaxel pretreatment following irradiation showed a higher rate of cell killing in HNSCC cell lines. However, there was no significant difference between pre-radiation and a concurrent chemoradiotherapy schedule in cervical carcinoma cells (13) . The present study is the first to show that irradiation pretreatment is the most effective treatment sequence.
Therefore, cell cycle distribution was analyzed after docetaxel treatment or irradiation with flow cytometry to examine the cause of the different results between the three treatment schedules. Previously, G2/M accumulation after docetaxel treatment has been regarded as the mechanism of radiosensitization (14) . However, in this study, docetaxel treatment led to accumulation of the cells in S-phase, but not in G2/M-phase. The cytotoxicity of docetaxel pretreatment might be lower than that of radiation pretreatment, docetaxel treatment leads to S-phase accumulation. Furthermore, to clarify cellular status after docetaxel treatment, we examined the changes in expression levels of several proteins that regulate cell cycle progression.
Cyclin B1, a key molecule for G2/M-phase transition during the cell cycle, is overexpressed in various human tumors. The transition from the G2-to the M-phase of the cell cycle requires an accumulation of cyclin B1 and activation of its associated kinase, cdk1 (15, 16) . Our results indicate that treating HSC4 and CAL27 cells with irradiation and docetaxel resulted in decreased expression of cyclin B1, leading to G2 arrest. In the present study, the expression of cyclin B1 decreased after irradiation and docetaxel treatment, in comparison with control. These results suggest that cells did not progress to M-phase, which is the most radiosensitive phase, after docetaxel treatment. Table I . Cell cycle distribution of HSC4 and CAL27 cells after docetaxel (0.5 ng/ml) treatment or irradiation (3 Gy). --------------------------------------------------------------------------------------------------- 
The Rb gene product is a tumor suppressor that regulates multiple cellular processes, such as growth, differentiation, and apoptosis, and is inactivated by mutations in many types of human cancer. The tumor suppressor activity of Rb is due to its ability to inhibit cell cycle transition by suppressing the transcription of genes required for G1-to S-phase progression (17) . In this study, the decrease in total amount of Rb protein expression and the appearance of dephosphorylation after irradiation or docetaxel treatment suggest that the cell cycle progresses to S phase. p53 participates in cell cycle arrest and induces apoptosis in G1/S check point (18) . Previously, p53 expression levels have been related to apoptosis following docetaxel treatment in human leukemia cells (19) . Whereas p53 mutation status, evaluated either immunohistochemically or by genomic DNA analysis, does not appear to be a promising predictor of response to docetaxel (20) . However, both cell types showed a higher cytotoxic effect of irradiation pretreatment than the other treatment schedules, without affecting the state of p53. p53 expression levels were increased at 24 h after docetaxel treatment and decreased at 48 h. p53 upregulation was shown also after irradiation. Agreement is not provided on mutation of p53 and radiosensitivity (21) . Our results concerning interaction p53 status and radiosensitivity did not support this opinion.
In this study, docetaxel pretreatment led to the accumulation of cells in S-phase, which has low radiosensitivity in comparison with other cell cycle phases (22, 23) . It showed lower cytotoxicity, and we found that irradiation pretreatment is the most effective sequence. In previous studies, cells did not show radiosensitization following docetaxel pretreatment in spite of G2/M accumulation after docetaxel treatment. In addition, radiosensitization by docetaxel treatment depends on the products of ROS and defects of GSH regardless of G2/M block (24) .
We conclude that irradiation pretreatment significantly enhances docetaxel cytotoxicity through arrest in S-phase in HNSCC cells; therefore this provides the most effective treatment sequence of docetaxel and radiation combination therapy.
